SMATASY is an interface for the ZF I T T ER package and may be used for the model independent description of the Z resonance at LEP 1 and SLC. It allows the determination of the Z mass and width and its resonance shape parameters r and j for cross-sections and their asymmetries. The r describes the peak height and j the interference of the Z resonance with photon exchange in each scattering channel and for σ T , σ F B , σ lr , σ pol etc. separately. Alternatively, the helicity amplitudes for a given scattering channel may be determined. We compare our formalism with other model independent approaches. The model independent treatment of QED corrections in SMATASY is applicable also far away from the Z peak.
LONG WRITEUP 1 Introduction
With the rising precision of the experimental study of the Z resonance at LEP 1 and SLC, an interpretation of the data in a rigorously model independent way becomes more and more important. A wrong theoretical description of the data may lead to systematic non-observed shifts of the measured parameters which describe the Z. SMATASY is a program for the model independent study of fermion pair production at the Z resonance:
Under the assumption that QED and QCD are well understood theories, the total cross-section around the Z peak may be characterized by four real parameters: the mass M Z , width Γ Z , the residuum r of the Z resonance, and the strength of the γZ-interference j. The parameters r and j are related to helicity amplitudes R Z fi for e + e − annihilation into fermion pairs via Z-exchange.
Further, the measured cross-section includes photonic virtual and real bremsstrahlung corrections which may be described by a flux function ρ T (s ′ /s) [1] :
As mentioned, the photon exchange parameter r γ is assumed to be known, and s depends on the beam energy, s = 4E
2 . Further, at LEP 1 and SLC very precise measurements of various cross-section asymmetries are performed. An example is shown in figure 1 . In the vicinity of the Z peak, these asymmetries behave relatively smoothly and may be described by a simple, universal formula [2] :
The QED corrections are contained in the factor C(s).
The model independent description of cross-sections around the Z resonance with account of QED corrections may be done with the ZF I T T ER [3] - [6] branch ZUSMAT. Here, we describe the Fortran program SMATASY which is designed as an interface to ZF I T T ER for the model independent description of asymmetries. SMATASY provides the full functionality of ZF I T T ER with all its possibilities of flag settings, different treatments of photonic bremsstrahlung and QCD corrections.
SMATASY is devoted to the following tasks:
• determination of the Z-exchange parameters r and γZ-interference parameters j for crosssections and asymmetries,
• determination of the asymmetry parameters A 0 and A 1 ,
• determination of the couplings R Z fi of helicity amplitudes describing the Z-exchange matrix element,
• model independent treatment of QED corrections for cross-sections and asymmetries.
The basic formulae are introduced in section 2 and related to other approaches in section 3. The structure of the SMATASY package is explained in section 4 while the procedures are described in section 5. Appendix A contains a sample output of SMATASY.
2
Basic formulae 2.1 Cross-sections at the Z resonance
The matrix element for the production of a fermion pair near the Z resonance may be described by four helicity amplitudes. In full generality, they have the following form [1, 7] : Figure 1 : The forward-backward asymmetry for the process e + e − → µ + µ − near the Z peak.
The position of the Z pole in the complex s plane is given by s Z :
The R f γ and R Z fi are complex residua of the photon and the Z boson, respectively. In Born approximation, they are real numbers. In the Standard Model, contributions from higher order corrections are incorporated and the residua become complex numbers. The coefficients F fi n in (4) describe nonresonant contributions to the scattering process. In the Standard Model they arise from higher order corrections, e.g. from ZZ and WW box diagrams. The s dependence of the virtual electroweak corrections also contributes to them.
To a very good approximation, the Taylor series in (4) may be neglected. Its first term F f i 0 is constant. In a Z line shape fit, it will be strongly correlated with the photon exchange term R
The Q f is the electric charge of the final state fermions and F A (s) the vacuum polarization of the photon:
In practice it seems to be impossible to disentangle F A and the nonresonating quantum correction F
. At LEP 1 and SLC the bulk of data is taken at | √ s − M Z | < Γ Z and σ becomes less than 5 %. Having in mind that the F f i n are quantum corrections and proportional to α/π, it is for all practical needs:
There are four residua R Z fi for the four independent helicity amplitudes in the case of massless external fermions:
The amplitudes M f i (s) give rise to four cross-sections σ i which add up incoherently to the following measurable cross-sections:
Here, the σ 0 T is the total cross-section, σ All these cross-sections may be parameterized by the following master formula [1] :
The r γf A is the photon exchange term,
vanishes for all asymmetric cross-sections. c f = 1, 3 for leptons and quarks, respectively. QCD corrections for quarks are taken into account by the factor R QCD of [3] . The Z-exchange residuum r f A and the γZ-interference j f A are:
The factors {±1} in (12) and (13) indicate that the signs of R , and of R Z fi correspond to the signs of σ i in (10).
QED corrections for cross-sections
For the calculation of QED corrections in SMATASY the ZF I T T ER environment is used. This is done by convoluting (11) with radiator functions for initial and final state radiation and their interference. The initial and final state corrections with soft photon exponentiation to the cross-sections σ T , σ pol , σ lr , σ lr-pol are described by:
Analogously, for the forward-backward difference cross-sections,
We stress that ρ F B (s ′ /s) = ρ T (s ′ /s). The contributions from initial final state interference bremsstrahlung are slightly more complex [3] - [6] . At the Z resonance they are numerically tiny as long as no strong cuts are applied. They will be neglected in the following. With QED corrections, the master formula may be rewritten as follows [2] :
The barred parameters contain correction factors with QED corrections:
where
Here, the definition
is used. The QED correction factors are completely model independent, i.e. independent of the underlying dynamics of the scattering process. They depend on mass and width of the Z and on the handling of the photonic phase space, the inclusion of higher orders, and on acceptance cuts. The reader may wonder that the corrections C j A seem to be singular at
is not the case for the products C j A (s)(s − M Z ) which are physically relevant. As may be seen from the corresponding definitions, these products remain small (but potentially non-vanishing) when √ s approaches M Z . There the QED corrected cross-sections may be defined as (smooth)
limits from the neighboring energies.
The correction factors are shown in figures 2-4 without and with two different cuts on the photon phase space. All QED corrections are smooth and, with one exception, rather independent of s. Those to the Z exchange, C r A , develop the radiative tail at the right hand side of the peak which at some value of s gets suppressed by the cuts. It may be further seen that the corrections to total cross-sections and those to forward-backward differences are not equal, although of similar size near the peak. They deviate more when more hard bremsstrahlung is possible [6] . This explains the rise of their difference with the tail and the subsequent vanishing of it after the cuts become influential.
2.3
Asymmetries around the Z resonance Without QED corrections, asymmetries are defined by:
These asymmetries take an extremely simple form around the Z resonance [2] : The model independent QED correction factors without cuts. The higher order terms may be safely neglected since (s/M
The coefficients have a quite simple form:
Here, the r 0f A is neglected in both A 0 and A 1 . Further, the definition γ
is used.
QED corrections for asymmetries
A typical cross-section asymmetry with QED corrections is shown in figure 1 . The Born asymmetry is linear around the Z resonance. QED corrections lead to deviations from this; specially pronounced at the right hand side of the peak. Although asymmetries get much smaller QED corrections than the cross-sections themselves, an analysis of the data would not be consistent without their correct treatment.
With QED corrections, the master formula for asymmetries becomes:
The coefficientsĀ n may be obtained from the A n defined in section 2.3 by replacing in their definitions the unbarred variables by barred ones. For the peak contributions to the forward-backward asymmetries the explicit expressions are:
Aiming at an experimental accuracy of ∆A from unity has to be taken into account. Compared to A F B , A FB-pol and A FB-lr the expressions for A pol , A lr and A lr-pol are simpler since the QED corrections to the numerator and the denominator are both of the total cross-section type. The leading term is:
The coefficientsĀ A 1 are in reasonable approximation:
The coefficients with a pronounced s dependence are
The behaviour of C T and C F B as functions of s and the dependence on cuts is shown in figure 5 . As mentioned already, the C T (s/M 2 Z −1) does not vanish at √ s = M Z but is extremely small. Aiming at an accuracy of several per mill, one may neglect the difference between C T and C F B in the vicinity of the peak. The initial state QED corrections to the Z-exchange cross-section develop a radiative tail while those to the γZ-interference do not. Due to this, their ratio C(s) gets damped at the right hand side of the Z peak. This damping was seen in figure 1 . It may be assigned to QED corrections completely. At √ s > M Z , the radiative tail may be avoided by a cut on the energy of the emitted photons:
At LEP 1 and SLC, where √ s ≈ M Z , this condition is rather restrictive; e.g. at
it is ∆ = 0.1. In figures 1 and 5, photons are cut with energies larger than 6 GeV. The radiative tail is suppressed by this if
GeV this is the case. In the immediate vicinity of the peak one unavoidably measures data which contain radiative corrections. As may be seen from the figure, the other cuts (on the acollinearity and energy of the final state fermions) are similar [3] .
3 Other model independent approaches
The BCMS approach
In [8, 9] the following model independent formula for the total cross-section has been advocated:
The free parameters of the above expression may be calculated within the Standard Model with account of electroweak radiative corrections [8, 10] . There is a simple one-to-one correspondence to the parameters in (11) [3] : The model independent QED correction to the slope of asymmetries near the Z peak.
Further,
The relation between the definitions of s 0 and s Z is given to a very good approximation by the following equalities, which also affect the coupling strength [11] :
(34)
The OPAL approach
A completely different approach has been chosen in [12] . With an ad hoc ansatz, the effective couplings of the differential cross-section have been allowed to deviate from what is expected in the Standard Model in the approximation of effective fermion couplings:
and 
Here, the definitionsĝ
are used for the effective couplings in the Standard Model. The parameters κ in the definitions of the parameters C allow for deviations of the cross-sections and asymmetries from the Standard Model predictions where they are equal to one. The OPAL approach uses the ZF I T T ER environment with minor modifications. Up to tiny terms which are presumably much smaller than the experimental accuracy (e.g. the parameter r 0f T in the S-matrix approach), the OPAL approach is equivalent to the one advocated here. For the total cross-section and the forward-backward asymmetry the relations are:
The additional factors of 3 4 in the last two relations are due to the different angular integrations over even or odd integrands with respect to cos ϑ.
Effective couplings
Now we define the relation of the model independent approach of SMATASY to the use of effective weak neutral fermion couplings. The latter is realized in the ZF I T T ER branch ZUXSA. In a simple quantum mechanical interpretation or an approximate quantum field theoretical one, the (complex) residua of the helicity amplitudes R Z fi may be expressed in terms of effective vector and axial vector couplings of the Z boson to fermions (which are basically real numbers):
with the κ of (37) and the couplingsĝ (11) are:
and
Additional factors of (3/4) ±1 are again due to the different angular integrations for contributions which are even or odd in cos ϑ.
The γZ-interference is proportional to C Re , while C Im are small corrections to it and to the resonance peak parameter:
Model independent QED corrections
The QED correction factors in SMATASY are universal in the sense that they may be used also at energies far away from the Z peak and in other approaches. We give here one instructive example for this. In [13] , the QED corrections to the total cross-section σ T (s) and the integrated forward-backward asymmetry have been calculated analytically without cuts 3 to order O(α) for reaction (1) . The Z exchange cross-section contribution has been presented there as follows:
In the simplest case (no cuts, neglect of final state masses, no higher order corrections), the H 2 e.g. is the well-known QED final state correction 3 4 . The H 0 contains the initial state corrections and H 4 those from the initial final state interference. Similar but considerably more involved analytic expressions were derived for the forward-backward asymmetry. The following relation holds:
where the dots stand for higher order corrections and a potential inclusion of final state radiation in the C r T and the '∼' for potential cuts. Following this example, the interested reader may find analogue relations for the other QED corrections.
Structure of the package
For the installation of SMATASY the user has to replace subroutine BORN of ZF I T T ER with subroutine BORN of SMATASY.
To run SMATASY one has to initialize first ZF I T T ER following the procedure described in [3] , section 6. Then, SMATASY is initialized by a call to subroutine ASYINIT. Subroutine ASYTEST illustrates the initialization procedure and performs a comparison of SMATASY with the other model independent approaches of ZF I T T ER . The results are listed in an sample output in appendix 5.2.5.
The SMATASY package contains the following interface routines:
• SMATASY -calculates total cross-sections and asymmetries as functions of the center-ofmass energy, the Z mass and width, the Z-and γ-exchange terms and the γZ-interference terms;
• SMATRZ -calculates total cross-sections and asymmetries as functions of the center-of-mass energy, the Z mass and width and the helicity amplitudes;
• SMATA01 -calculates asymmetries as functions of the center-of-mass energy, the Z mass and width, the Z-and γ-exchange terms and the γZ-interference terms for the total cross-sections and the asymmetry parameters, A Utility routines of interest for the user are:
• CORQED -calculates the QED correction factors as functions of the center-of-mass energy and the Z mass and width;
• RZFRVA -calculates the residua of the helicity amplitudes as functions of the Z mass and the effective couplings;
• RJFRRZ -calculates the Z-and γ-exchange terms and the γZ-interference terms as functions of the Z mass and width, the helicity amplitudes and the vacuum polarization;
• A01FRRJ -calculates the asymmetry parameters, A A 0 and A A 1 , as functions of the Z-and γ-exchange terms and the γZ-interference terms;
• ASYTRAF -performs the transformation of the Z mass, width and Fermi's constant between the two definitions in (34).
Although our model independent ansatz implicitly assumes massless fermions since it is based on four different helicity amplitudes, corrections due to final fermion masses are applied in the sample output in order to be compatible with ZF I T T ER . However, the corrections for leptons and light quarks may be switched off by the ZF I T T ER flag POWR. The deviations between different branches of ZF I T T ER itself and of the interface SMATASY are at most of the order of a few tenth of a percent. The most accurate asymmetry measurement at LEP 1 is expected for the forward backward asymmetry for leptons at the peak where a theoretical accuracy of less than 0.1 % is demanded. The internal deviation between different descriptions in the sample output for this quantity is about 0.01 %. 
Description of the procedures
If not stated differently, the input and output arguments of the following subroutines are of the DOUBLE PRECISION type.
Interface Routines of SMATASY

Subroutine SMATASY
Subroutine SMATASY is used to calculate total cross-section and asymmetries as functions of INDF is the fermion index (see Table 1 
) (INTEGER).
SS is the center-of-mass energy, √ s, in GeV.
SZMASS is the Z mass, M Z , in GeV.
SGAMZ is the total Z width, Γ Z , in GeV.
RT is the Z-exchange term for the total cross-section, r f T .
JT is the γZ-interference term for the total cross-section, j f T .
GT is the γ-exchange term for the total cross-section, r γf T .
FT is a vector of the first three coefficients r f 0−2 A , describing nonresonant contributions.
RA, JA, FA are corresponding parameters for a cross-section difference σ 0 A .
IA defines which cross-section or asymmetry is calculated (INTEGER)
4 :
ASY is the total cross-section or an asymmetry selected by IA.
Subroutine SMATRZ
Subroutine SMATRZ is used to calculate total cross-sections and asymmetries as functions of √ s, FA is the vacuum polarization, F A (s) (COMPLEX*16).
Output Parameter:
ASY has the same meaning as in subroutine SMATASY.
Subroutine SMATA01
Subroutine SMATA01 is used to calculate asymmetries as functions of Output Parameter:
ASY has the same meaning as in subroutine SMATASY. TEST RUN OUTPUT ****************************************************** ****************************************************** ** This is ZFITTER version 4.53 ** ** 92/10/14 ** ****************************************************** ** The authors of the ZFITTER package are:
Utility
* I.Sheer (UC San Diego) ** ** ** ****************************************************** ** Questions and comments to ZFITTER@CERNVM.CERN.CH ** ***************************************************** .00 180.00 ****************************************************** ****************************************************** ** This is SMATASY version 2.1 ** ** 94/05/27 ** ****************************************************** ** The authors of the SMATASY package are: ** ** ** ** S.Kirsch (DESY IfH-Zeuthen) ** ** T.Riemann (DESY IfH-Zeuthen) ** ** ** ****************************************************** ** Questions and comments to KIRSCH@CERNVM.CERN.CH ** ** RIEMANN@CERNVM.CERN.CH ** ****************************************************** 
